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TECHNICAL  MEMORANDUM  X-664 


THE  EFFECT  OF  BOW-SHOCK— FLARE-SHOCK  INTERACTION  ON 
THE  STATIC  LONGITUDINAL  STABILITY  OF  FLARE- STABILIZED  BODIES 

AT  HYPERSONIC  SPEEDS* 

By  Paul  E.  Fitzgerald,  Jr. 

SUMMARY 


Force  and  moment  data  from  previously  published  papers  have  been 
presented  to  show  that  flare-stabilized  bodies  at  hypersonic  speeds 
experience  a  decrease  or  complete  loss  in  static  longitudinal  stability 
at  certain  definite  angles  of  attack.  The  reason  for  this  decrease  in 
stability  and  the  mechanism  by  which  it  occurs  is  explained.  Pressure 
data  and  schlieren  photographs  obtained  from  tests  at  a  Mach  nuinber  of. 
8.5  of  two  flare-stabilized  missile  bodies  having  a  fineness  ratio  of  10 
are  presented  to  substantiate  this  explanation.  Tests  of  these  two 
missiles  were  conducted  over  an  angle -of-attack  range  of  0°  to  27°  at 
a  Reynolds  number  of  approximately  9*5  x  10^  based  on  model  length. 

A  decrease  in  stability  of  flare-stabilized  bodies  at  hypersonic 
speeds  is  shown  to  be  caused  by  a  bow-shock — flare-shock  Interaction 
phenomenon.  Pressure  tests  indicate  that  the  nose  bluntness  of  high- 
fineness-ratio  bodies  has  no  influence  on  the  angle  of  attack  at  which 
this  phenomenon  occurs.  From  comparisons  of  force  and  moment  data  at 
Mach  numbers  of  6.0  and  8.9^  it  appears  that  the  angle  of  attack  at 
which  this  loss  in  stability  occurs  decreases  as  Mach  number  increases. 
Analytical  approximations  of  the  pressures  on  the  0°  meridiem  of  the 
two  models  tested  at  a  Mach  number  of  8.5  are  in  reasonably  good  quali¬ 
tative  agreement  with  the  data. 


INTRODUCTION 


It  has  been  noticed  from,  although  not  noted  in,  severed,  papers 
dealing  with  flare- stabilized  bodies  at  hypersonic  speeds  (refs.  1,  2, 
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and  5)  that  there  Is  a  considerable  decrease  or  complete  loss  of  longi¬ 
tudinal  stability  at  the  higher  angles  of  attack.  (The  term  stability 
as  used  herein  refers  to  trends  in  the  curve  for  pitching-moment  coef¬ 
ficient  plotted  against  angle  of  attack  at  any  given  angle  of  attack, 
that  is,  if  the  slope  of  this  pitching-moment  curve  becomes  less  nega^ 
tive,  this  trend  is  termed  a  decrease  in  stability  even  though  the  value 
of  pitching -moment  coefficient  is  still  increasing  negatively  with 
increasing  angle  of  attack.)  It  was  noticed  that  this  decrease  in  sta¬ 
bility  takes  place  only  when  the  angle  of  attack  is  such  as  to  cause  the 
Intersection  of  the  bow  shock  and  the  flare  shock  to  occur  in  the  vicin¬ 


ity  of  the  flare.  It  is  the  purpose  of  this  paper  to  explain  why  this  L 
decrease  in  stability  occurs  and  the  mechanism  by  which  it  occurs.  To  1 
verify  this  explanation,  pressure  data  were  obtained  on  two  flare-  8 
stabilized  missile  bodies  having  a  fineness  ratio  of  10.  One  of  these  1 
missile  bodies  had  eui  ogive  nose  with  a  fineness  ratio  of  and  the  3 
other  had  a  hemispherical  nose  with  a  fineness  ratio  of  Longitudinal 

force  said  moment  data  were  also  obtained  on  the  ogive-nosed  body.  These  • 


teste  were  conducted  in  the  Langley  22-lnch  Mach  6.^  tunnel  at  a 

Reynolds  number  of  about  9-5  X  10^  based  on  model  length  and  over  an 
angle-of -attack  range  from  0°  to  27°  for  the  pressure  tests  and  -5°  to 
30°  for  the  force  and  moment  tests.  To  introduce  the  problem  at  hemd, 
several  plots  for  the  variation  of  pitching-moment  coefficient,  normal- 
force  coefficient,  and  axial-force  coefficient  with  emgle  of  attack 
have  been  reproduced  from  references  1,  2,  and  5*  One  figure  showing 
previously  unpublished  control  effectiveness  data  at  a  Mach  number  of 
6.01  is  8l1so  Included. 

Three  methods  of  predicting  the  pressure  distribution  on  the  0° 
meridian  of  the  cylinder  and  cone  frustum  have  been  en^loyed  and  the 
predictions  are  congpared  with  data  of  the  present  pressure  tests. 


SYMBOLS 


Force  and  moment  coefficients  are  referred  to  the  body  axis  system 
as  shown  in  figure  1,  euid  pitching-moment  coefficients  at  Mach  numbers 
of  6.01  and  8.5  are  referenced  to  locations  at  50  percent,  55.5  percent, 
and  58*35  percent  of  the  body  length. 


A 


C 


A 


cross-sectional  area  of  cylindrical  portion  of  body,  sq  in. 

F 

axial-force  coefficient, 

<3«,A 


change  in  axial-force  coefficient  due  to  flare  deflection 
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L 

1 

8 

1 

3 


J 


Cn 

Cm 


Pm 

normal- force  coefficient,  -=1- 

‘JcoA 

change  in  nonnal-force  coefficient  due  to  flare  deflection 

My 


pitching-moment  coefficient, 


Cm 

Cm" 


Cp,max 

Fa 

Fn 

M 

My 

d 

Poo 

Pi 


a 


a' 

r,  " 

CL 

0 


change  in  pitching-moment  coefficient  due  to  flare  deflection 
pitching-moment  coefficient  from  reference  1 
pitching-moment  coefficient  from  reference  2 
maximum  p^ressure  coefficient 

axial  force,  lb 
normal  force,  lb 

Mach  nuznber 
pitching  moment,  in-lb 

diameter  of  cylindrical  portion  of  body,  in. 
free-stream  static  pressure,  Ib/sq  in.  abs 

locad  static  pressure,  Ib/sq  in.  abs 
free-stream  dynamic  pressure,  Ib/sq  in.  abs 

distance  along  body  longitudinal  axis  (X-axls) 
measured  from  nose,  in. 

fluigle  of  attack,  deg 

angle  of  attack  from  reference  1,  deg 

angle  of  attack  from  reference  2,  deg 

roll  angle  of  body  meridian  on  which  pressure  orifices  are 
located  (see  fig.  l),  deg 
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APPARATUS  AND  TEST  CONDITIONS 


Tunnel 


Tests  were  conducted  in  the  Langley  22- inch  Mach  8.5  tunnel,  which 
is  a  hlowdown-to-atmosphere  type  of  tunnel,  a  schematic  drawing  of  which 
is  shown  in  figure  2.  The  tunnel  has  a  three-dimensional  nozzle,  a 
cylindrical  22- inch -diameter  test  section,  and  is  equipped  with  an  annu¬ 
lar  air  ejector  and  a  fixed  19-6^-inch-diameter  second  minimum.  An 
annular  water  injection  system  downstream  of  the  test  section  is  en^jloyed  L 
to  cool  the  air  and  avoid  overheating  the  exit  piping.  1 

8 

The  t\innel  is  capable  of  operating  at  a  maximum  pressure  of  1 

2,700  Ib/sq  in.  gage  at  a  temperature  of  1,050°  F  and  1,800  Ib/sq  in.  3 

gage  at  temperatures  from  1,050°  F  to  l,J+00°  F.  Flow  to  the  tunnel 
emanates  from  a  20, 000- cubic-foot  tank  field,  passes  through  a  Dowtherm  • 

heat  exchanger  which  raises  the  temperature  to  600°  F,  and  then  passes 
through  a  6,800-kilowatt  electric  heater  which  raises  the  temperature 
to  louining  level  before  reaching  the  tunnel  settling  chamber. 


Models  are  supported  in  the  tiinnel  by  a  vertical  circular-arc  strut 
(fig.  5)  which  allows  an  angle-of-attack  range  of  -10°  to  50°.  The  angle 
of  attack  is  measured  by  using  an  optical  system  which  is  described  in 
reference  k. 

The  schlieren  apparatus  used  with  this  tunnel  is  a  single-pass 
horizontal  Z  light  path  with  a  horizontal  knife  edge.  The  light  source 
used  for  continuous  viewing  and  for  taking  schlieren  photographs  is  a 
mercury  vapor  arc  lamp  having  a  flash  duration  of  from  2  to  6  micro¬ 
seconds.  Several  8-foot  mercury  manometer  boards  to  measure  local 
pressures  on  the  model  and  a  gage  board  to  measure  tunnel  stagnation 
euid  ejector  pressures  are  photographed  during  test  runs  to  record  pres¬ 
sure  data.  Normal-force  and  pitching-moment  data  were  obtained  on  one 
model  of  the  present  tests  by  using  a  six-conq)onent  water-cooled  inter¬ 
nal  strain-gage  balance. 

Tunnel  calibration  shows  that  the  local  Mach  nuniber  in  the  model 
test  region  may  vaiy  ±0.11  from  the  Mach  number  of  8.5;  whereas  the 
average  deviation  from  a  Mach  number  of  8.5  for  the  present  tests  (con¬ 
sidering  model  location  in  the  tunnel)  is  -0.04. 


Test  Conditions 


For  the  present  tests,  the  stagnation  pressure,  the  ten^serature, 
and  the  ejector  pressure  were  maintained  at  approximately  1,800  Ib/sq  in. 
gage,  1,040°  F,  and  1,400  Ib/sq  in.  gage,  respectively.  Force  data  were 
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obtained  over  an  angle-of-attack  range  of  -5°  to  50°  and  pressure  data, 
over  an  angle-of-attack  range  of  0°  to  2J°.  Test  Reynolds  number  was 
constant  at  about  9*3  x  10^  based  upon  body  length. 


Models 

Two  flare-stabilized  missile  models  having  a  fineness  ratio  of  10 
(shown  in  fig.  4)  have  been  tested;  one  having  an  ogive  nose  with  a 
fineness  ratio  of  5  (configuration  I),  and  the  other  having  a  hemi¬ 
spherical  nose  with  diameter  the  same  as  the  cylindrical  body  (config¬ 
uration  II ).  Both  have  cylindrical  bodies  and  identical  10°  half-angle 
flared  skirts.  Fourteen  0.040-inch-diameter  static  pressure  orifices 
were  located  along  a  meridian  plane  on  the  rearward  portion  of  the 
cylinder  and  along  the  entire  length  of  the  flare.  Pressure  orifice 
locations  are  identical  for  each  model.  Since  the  models  are  sym¬ 
metrical  about  their  longitudinal  axes,  each  model  was  rolled  from 
0  St  0°  to  90°  in  steps  of  approximately  30°,  and  the  data  obtained 
correspond  to  a  pressure  distribution  over  the  lower  half  of  the  cylin¬ 
der  and  flare. 


ACCURACY 


Maximum  probable  error  in  force  and  moment  coefficients  for  pre¬ 
viously  xmpublished  data  are  presented,  together  with  maximum  variation 
in  local  free-stream  Mach  number  and  local  static  pressure  ratio,  as 
follows : 


% . . 

Ca . 

Cm . 

. . 

^A . 

^m . 

M . 

VijVoof  percent  of  measured  value . 

a  (error  in  angle-measuring  mechanism  only),  deg 
0,  deg  . 


±0.11 


±0.02 


±0.24 


±0.17 

±0.05 

±0.25 

±0.11 

±8 


±0.10 

±0.30 


One  exception  to  the  accuracy  given  for  pressure  ratio  is  the  pressure 
ratio  at  station  l6.2,  which  may  be  in  error  by  1  pressure  ratio  at 
very  low  angles  of  attack  and,  hence,  the  error  would  be  greater  than 
8  percent  of  the  measured  value.  This  larger  error  was  due  to  a  "slow" 
pressure  tube. 
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ANALYSIS,  RESULTS,  AND  DISCUSSION 


Figures  5  to  9  are  presented  to  illuminate  a  stability  problem 
which  has  been  noticed  to  occur  in  flare- stabilized  bodies  at  hypersonic 
speeds.  Figure  5  (taken  from  ref.  l)  shows  that  the  longitudinal  sta¬ 
bility  of  two  missile  bodies  (fineness  ratio  of  about  Ij-)  at  a  Mach  nvun- 
ber  of  8  decreases  with  increasing  angle  of  attack  above  an  angle  of 
attack  of  17°.  This  decrease  in  stability  occurs  even  though  the  center 


of  gravity  is  reasonably  far  forward  (approximately  50  percent  of  body 

length ) .  L 

1 

Figure  6  from  reference  2  shows  that  the  longitudinal  stability  of  8 

the  low-fineness-ratio  Mercury  spacecraft  in  the  escape  configuration  1 

at  a  Mach  number  of  9*6  decreases  abruptly  at  an  angle  of  attack  of  5 

about  8°,  and  the  spacecraft  in  the  exit  configuration  becomes  com¬ 
pletely  unstable  at  this  angle  of  attack.  Although  the  possible  error  , 

in  measurement  as  shown  in  figure  6  is  large,  the  trend  toward  insta¬ 


bility  at  an  angle  of  attack  of  about  8°  is  still  apparent.  Figures  7 
and  8  (at  Mach  numbers  of  6.0  and  8.5>  respectively)  show  data  obtained 
on  a  missile  body  with  a  fineness  ratio  of  10  (configuration  I)  plotted 
with  center-of -gravity  locations  at  50* 00^  55‘50>  and  58.55  percent  of 
the  body  length.  These  three  center-of -gravity  locations  were  chosen 
to  show  three  specific  types  of  influence  that  could  occur:  first,  with 
the  center  of  gravity  far  enough  forward  (50.OO  percent  location)  the 
decrease  in  stability  is  negligible;  second,  with  the  center-of -gravity 
location  at  55*50  percent  the  missile  goes  from  a  stable  condition  to  a 
condition  of  neutral  stability;  and  third,  with  the  center-of -gravity 
location  at  58*35  percent  the  missile  goes  from  a  neutrally  stable  con¬ 
dition  to  an  unstable  condition.  Figures  7  and  8  show  that  this  decrease 
in  longitudinal  stability  occurs  at  an  angle  of  attack  of  approximately 
20°  at  a  Mach  number  of  6.0  and  approximately  15°  at  a  Mach  number  of 
8.5.  These  data  indicate  that  the  angle  of  attack  at  which  this  decrease 
in  stability  occurs  decreases  as  Mach  number  increases.  Figure  9  shows 
data  at  a  Mach  number  of  6.0  in  which  the  10°  flare  of  configuration  I 
is  deflected  to  provide  longitudinal  control  for  the  missile.  In  this 
case,  there  is  a  decrease  in  control  effectiveness  (as  evidenced  by  the 
decreasing  amovint  of  above  an  angle  of  attack  of  about  15°. 

Where  schlieren  photographs  or  shadowgraphs  were  available  (refs.  1 
and  2),  it  may  be  seen  that  the  decrease  in  longitudinal  stability  takes 
place  only  when  the  intersection  of  the  bow  shock  and  the  flare  shock 
occurs  in  the  region  adjacent  to  the  flare.  The  loss  in  stability  of 
these  flare- stabilized  bodies  is  directly  associated  with  the  proximity 
of  this  shock  intersection  to  the  flared  surface  and  is  explained  in  the 
following  discussion. 
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When  two  shocks  of  the  same  family  intersect,  the  pressure  rise 
across  the  two  shocks  may  be  greater  than  that  across  the  coalesced 
shock,  because  of  the  more  nearly  isentropic  nature  of  the  two  con¬ 
verging  compressions  (refs.  5  and  6).  Reference  is  made  in  this  regard 
to  figure  10  which  shows  a  cross  section  (through  a  0  ■  0°  body  merid¬ 
ian)  of  the  flow  field  in  the  vicinity  of  the  flare  on  a  flare-stabilized 
body  at  some  angle  of  attack.  From  what  has  Just  been  mentioned,  the 
flow  as  it  passes  from  region  I,  through  region  II,  and  into  region  III 
C8ua  experience  a  greater  Increase  in  pressure  than  the  flow  passing  from 
region  I  into  region  VI.  If  second-order  waves  are  neglected  in  these 
regions  and  the  assumption  is  made  that  the  flow  is  two  dimensional, 
then  an  expansion  emanating  from  the  bow- shock— flare- shock  intersection 
must  take  place  which  separates  the  regions  of  differing  pressure.  This 
expansion  must  necessarily  make  the  flow  angle  in  regions  IV  and  VI 
greater  than  that  in  region  III,  and  the  coalesced  shock  adjusts  its 
angle  accordingly.  Ferrl,  discussing  supersonic  shock  interactions  in 
reference  states  that  this  eoqpansion  in  many  cases  is  negligible.  It 
will  be  shown,  however,  that  this  is  not  necessarily  the  case  at  hyper¬ 
sonic  speeds  and  that  this  expansion  cem  have  a  considerable  influence 
on  a  svirface  adjacent  to  it.  Again,  from  figure  10,  it  is  seen  that  the 
expansion  is  reflected  off  the  flare  back  toward,  and  is  absorbed  into, 
the  coalesced  shock.  Hence,  the  flow  passing  from  region  IV  to  region  V 
again  experiences  a  decrease  in  pressure  approximately  equal  to  the 
decrease  between  regions  III  and  IV.  Therefore,  the  pressure  on  the 
surface  of  the  flare  in  region  V  can  be  considerably  less  than  that  on 
the  surface  in  region  III,  the  amoxuit  being  dependent  on  the  strength 
of  the  expansion.  The  three-dimensional  surface  area  of  the  flare  that 
is  influenced  by  this  low-pressure  region  would  increase  as  the  angle  of 
attack  increases  and  the  bow- shock— flare- shock  intersection  moves  pro¬ 
gressively  forward  on  the  flare.  This  forward  movement  of  the  shock 
intersection  as  angle  of  attack  increases  is  obvious  because  the  bow 
shock  moves  closer  to  the  body  and  the  flare  shock  becomes  steeper 
(because  of  the  lower  Mach  nuniber  behind  the  bow  shock).  It  is  the  low- 
pressure  region  on  the  flare  that  causes  the  decrease  in  longitudinal 
stability  on  the  various  bodies  that  were  previously  mentioned.  It 
should  also  be  mentioned  that  although  for  the  two-dimensional  case  the 
pressure  and  flow  direction  is  the  same  in  regions  IV  and  VI,  and  V  said 
VII,  the  velocities  in  these  four  regions  would  not  be  the  same.  These 
velocity  differences  give  rise  to  a  slipstream  or  vortex  sheet  which 
again  emanates  from  the  bow-shock— flare-shock  Intersection  and  passes 
between  these  four  regions  as  shown  on  figure  10. 

Pressure  tests  of  two  flare- stabilized  missile  bodies  with  a  fine¬ 
ness  ratio  of  10  at  a  Mach  number  of  8.^  substantiate  the  results  of 
the  previous  discussion.  Figure  11  presents  pressure-distribution  data 
for  configuration  I  at  angles  of  attack  from  0°  to  27°  along  with  cor¬ 
responding  schlleren  photographs  for  each  angle  of  attack.  It  can  be 
seen  from  the  pressure  data  and  schlieren  photograph  of  the  body  at  an 
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angle  of  attack  of  0°  (figs.  11(a)  and  (b))  that  the  laminar  boundary- 
layer  is  separated  far  forward  on  the  body  and  emerses  the  major  portion 
of  the  flare,  pressures  on  the  flare  being  only  1  pressure  ratio  higher 
than  on  the  cylinder.  Schlieren  photographs  indicate  that  at  an  angle 
of  attack  of  6°,  the  separated  region  on  the  lower  surface  of  the  mis¬ 
sile  has  been,  for  the  most  part,  washed  away  by  the  three-dimensional 
relieving  effects  of  the  cylindrical  body;  in  addition,  the  flow  on  the 


upper  surface  of  the  cylinder  and  flare  appears  to  be  completely  sepa¬ 
rated.  At  test  angles  of  attack  of  6°  or  greater  for  configuration  I, 

(fig.  11),  the  pressure  along  the  0°  and  50°  meridians  peaks  at  sta- 
■tlon  15  (just  downstream  of  the  cylinder-flare  Junction)  and  then  drops  L 

off.  (NomimlneQ.  meridian  values  of  0°,  50°>  60°,  and  90°  are  used  in  1 

the  discussion  rather  than  the  absolute  values  of  0  which  are  shown  8 

in  figs.  11  and  12.)  This  pressure  peak  is  believed  to  be  caused  by  1 

the  fact  that  the  flow  passing  through  the  flare  shock  close  to  the  5 


cylinder- flare  Junction  experiences  something  close  to  a  two-dimensional 
pressure  rise,  resulting  in  the  peak  pressure,  and  then  decreases  to  a 
pressure  closer  to  the  theoretical  cone  value  as  the  flow  continues 
along  the  flare.  However,  the  pressure  along  the  0°  and  50°  meridians 
again  Increases  to  a  second  peak  value,  approximately  equal  in  value  to 
that  of  the  first  peak.  This  second  rise  in  pressure  is  due  to  the 
entropy  gradient  which  exists  in  the  shock  layer  between  the  bow  shock 
and  the  model.  This  gradient  causes  a  slightly  rearward  curvature  in 
the  flare  shock  which  gives  rise  to  a  series  of  minute  compression  waves 
in  the  region  between  the  flare  shock  and  the  flare.  These  compression 
waves,  which  may  be  reflected  back  and  forth  between  the  surface  of  the 
flare  and  the  flare  shock,  raise  the  pressure  on  the  flare. 

From  the  schlieren  photograph  in  figure  11(c)  it  can  be  seen  that 
at  an  angle  of  attack  of  15°#  the  bow-shock— flare-shock  intersection 
is  located  in  the  vicinity  of  the  trailing  edge  of  the  flare,  euid  the 
pressure  on  the  0°  meridleui  (fig.  11(d))  has  started  to  decrease  slightly 
at  station  17.7-  At  an  angle  of  attack  of  l8°,  with  the  shock  inter¬ 
section  farther  forward,  the  pressure  from ’stations  I7  to  I8  on  the  0° 
meridieui  has  decreased  by  a  pressure  ratio  value  of  approximately  12, 
and  in  this  case,  the  low-pressure  region  is  extended  around  the  flare 
to  the  50°  meridian.  (See  figs.  11(e)  and  11(f).)  This  decrease  in 
pressure  is  a  direct  result  of  the  expansion  fan  which  emanates  from 
the  shock  intersection.  Figures  11(g)  to  ll(z)  show  that  as  the  angle 
of  attack  increases  from  21°  to  27°,  the  area  of  the  Influence  of  this 
expansion  fan  increases  to  include  approximately  half  the  length  of  the 
flare  euid  around  the  flare  at  least  to  the  60°  meridian.  At  an  angle 
of  attack  of  27°,  on  the  0°  meridiem,  the  meuclmum  loss  in  pressure  due 
to  this  shock  interference  effect  amounts  to  I6  pressure  ratios  or 
approximately  half  the  pressure  increase  on  the  flare  due  to  the  presence 
of  the  flare  on  the  body. 
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In  order  to  determine  the  influence  of  nose  shape  on  this  shock 
interaction  phenomenon,  configuration  II  with  a  hemispherical  nose  was 
tested  and  the  results  are  presented  in  figure  12.  There  are  several 
major  differences  between  the  pressure  data  of  configurations  I  and  II. 

The  greater  extent  of  high-entropy  air  behind  the  bow  shock  of  the 
blunt-nosed  body  is  clearly  evidenced  by  the  lower  pressures  on  the 
flare  (fig.  12(b))  up  to  an  angle  of  attack  of  about  9°  and  the  increased 
distance  between  flare  and  shock.  The  fact  that  strong  bow  shocks  associ¬ 
ated  with  blunter  bodies  give  rise  to  greatly  decreased  dynamic  pressures 
in  the  region  of  a  flare  has  been  noted  in  several  papers  dealing  with 
flare-stabilized  bodies  at  hypersonic  speeds  (for  example,  ref.  j). 

Above  an  angle  of  attack  of  12°,  the  pressures  on  the  body  and  flare  of 
configuration  II  are  higher  than  those  of  configuration  I.  (Conqpare 
figs.  11  and  12.)  The  difference  in  pressure  at  any  one  point  on  the 
flare  Increases  as  auigle  of  attack  Increeuses  so  that  at  24°,  the  maxi¬ 
mum  pressure  on  the  flare  of  configuration  II  is  8  pressure  ratios  higher 
than  that  on  flare  of  configuration  I.  The  reason  for  this  higher  flare 
pressvire  on  the  blunt-nosed  configuration  is  not  evident.  The  signifi¬ 
cant  fact  that  should  be  noticed,  however,  is  that  for  both  configurations 
the  angle  of  attack  at  which  the  bow-shock— flare-shock  interaction  begins 
to  be  felt  is  the  same,  that  is,  15°.  Also,  for  any  consteuit  angle  of 
attack  above  15°,  the  flare  area  which  is  influenced  by  this  phenomenon 
is  the  same  and  the  magnitude  of  the  pressure  loss  (in  percent  of  pres¬ 
sure  rise  on  the  flare  due  to  the  presence  of  the  flare)  is  about  the 
same  for  both  configurations. 


THEORETICAL  APPROXIMATIONS 


In  order  to  show  that  this  bow-shock— flare-shock  interaction 
phenomenon  can  be  apparoxlmated  empirically  or  theoretically,  figures  13 
and  l4  are  presented  for  configurations  I  and  II,  respectively.  Com¬ 
parison  is  made  with  data  taken  on  the  0°  meridian  of  these  configu¬ 
rations  at  the  highest  test  suigle  of  attack  for  each  model. 

If  it  is  assumed  that  the  cylinder-frustum  portion  of  each  model 
is  a  two-dimensional  flat  plate  with  a  10°  wedge,  then  two-dimensional 
shock-expansion  theory  (calculations  from  ref.  6),  using  shock  angles 
and  st8uid-off  dlsteuices  which  were  meeisured  from  schlleiren  photographs, 
gives  a  reasonably  good  approximation  of  the  gross  effects  of  the  shock 
Interaction  (figs.  13  and  14). 

Since  schlleren  x>hotographs  in  many  cases  msy  not  be  available,  it 
was  then  assumed  that  for  high-fineness- ratio  bodies  at  high  Mach  numbers 
and  high  angles  of  attack  (a  >  l6°),  the  bow  shock  would  be  parallel  to 
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the  cylindrical  portion  of  the  body  suid,  hence,  the  stand-off  distance 
of  the  bow  shock  could  be  determined  from  reference  9  by  using  cross- 
flow  Mach  number.  With  the  use  of  two-dimensional  pressure  values  for 
the  cylindrical  portion  of  the  body  euid  cone  shook  angle  and  pressure 
values  for  the  frustum,  the  pressure  distribution  was  again  calculated. 
Figures  IJ  and  l4  show  that  although  the  magnitude  of  the  pressure 
decrease  on  the  0°  meridian  of  the  flare  can  again  be  reasonably  well 
approximated,  the  pressure  at  any  given  point  along  this  meridian  can 
be  in  error  by  a  considerable  amount. 

As  would  be  expected,  a  Newtonian  calculation  using  Cp^  v  ot 

1.83  does  not  show  the  effect  of  the  shock  Interaction  nor  does  it  give 
eui  accurate  account  of  the  magnitude  of  the  pressure  on  the  flare. 


CONCLUSIONS 


L 

1 

8 

1 

3 


An  analysis  of  data  obtained  from  two  flare-stabilized  missile 
bodies  having  a  fineness  ratio  of  10  leads  to  the  following  conclusions: 

1.  Decrease  in  stability  of  flare- stabilized  bodies  at  high  angles 
of  attack  and  at  hypersonic  speeds  may  be  due  to  a  bow- shock— flare-shock 
Interaction  phenomenon,  which  leads  to  a  pressure  decrease  on  the  flare. 

2.  The  angle  of  attack  at  which  this  Interaction  phenomenon  occurs 
for  hlgh-fineness-ratlo  bodies  at  a  Mach  number  of  8.5  is  independent 
of  nose  bluntness. 

5.  The  magnitude  of  the  pressure  decrease  on  the  0°  meridian  of  a 
flare  due  to  this  shock  Interference  effect  cem  be  analytically 
approximated. 


Langley  Reseeurch  Center, 

National  Aeronautics  and  Space  Administration, 

Langley  Air  Force  Base,  Va.,  December  I9,  I961. 
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Figure  2.-  Schematic  diagram  of  Lanfi'-ey  22- inch  Mach  8.5  tunnel. 
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Figure  3*-  Schematic  diagram  of  model  support  system. 
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(a)  Configuration  Configuration 

Figure  5.-  Pitching-moment  coefficient  plotted  against  angle  of  attack  for  two  configurations 

having  a  fineness  ratio  of  k.J  from  reference  1.  M  »  8. 
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Figure  7.-  Longitudinal  characteristics  of  configuration  I  at  a  Mach 
number  of  6.0  for  three  center-of -gravity  locations.  Data  from 
reference 
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Figure  8.-  Longitudinal  characteristics  of  configuration  I  at  M  »  8.5# 
for  three  center-of-gravity  locations. 
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Figure  9.-  Control  effectiveness  parameters  plotted  against  a  for  configuration  I  with 

flare  deflected  5°  and  10°.  M  =  6.0. 
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(a)  Schlleren  photographs;  a  «  0°,  3°,  6°,  amd  9°.  L-62-3 

Figure  11.  •>  Schlleren  photographs  and  pressure  data  on  aft  portion  of 
configuration  I  over  an  angle-of-attack  rsuige  fnan  0°  to  27°. 

M  -  8.5. 
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(b)  Pressure  data;  a  ■  0°,  3°#  6°,  and  9°« 


Figure  11.-  Continued 
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(c)  Schlleren  photographs;  a  •  12®  and  1^®.  Ii-62-4 

Figure  11.-  Continued. 
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(d)  Pressure  data;  a  ■  12°  and  15°. 
Figure  11.-  Continued. 
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(e)  Schlleren  photograph;  a  ■  18°.  Ii-62-5 

Figure  11.-  Continued. 
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X  station,  In. 


(f)  Pressure  data;  a  •  l8°. 
Figure  11.-  Continued. 
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(g)  Schlleren  photograph;  a  ■  21°.  L-62-6 

Figure  11.-  Continued. 


CONFIDENTIAL 


Ctqt-^ 


L-1815 


4G 


CONFIIENTIAL 


29 


Q  i.:  1.  .L.-i-l-.i..  1..  i  t.  1  I  .  I  i  Jill  I  >  I  I  -  I  -  t  t  1  1  I 

U  12  13  14  15  16  17  16 

X  station,  in. 


(h)  Pressure  data;  a  ■  21°. 
Figure  11.-  Continued. 
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(l)  Schlieren  photograph;  a  «  24°.  Ii-62-7 

Figure  11.-  Continued. 
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(j)  Pressure  dataj  a  »  24°. 
Figure  11.-  Continued. 
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(k)  Schlleren  photograph;  a  ■  27®.  L-62-8 

Figure  11.-  Continued. 
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X  Station,  In. 


(z)  Pressure  data;  a  •  27°. 
Figure  11.-  Concluded. 
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(a)  Schlieren  photographs;  a  «  0°,  3°#  6°,  and  9°*  L-62-9 

Figure  12.-  Schlieren  photographs  and  pressure  data  on  aft  portion  of 
configuration  II  over  an  angle -of -attack  range  from  0°  to  26°. 

M  -  8.5. 
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X  sUUon,  in. 

(b)  Pressxire  data;  a  ■  0°,  3°,  6°,  and  9 
Figure  12.-  Continued. 
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(c)  Schlieren  photograph;  a  ■  12°.  L-62-10 

Figure  12.-  Continued. 
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(d)  Pressure  date;  a  «  12°. 
Figure  12.-  Continued. 
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(e)  Schlieren  photograph;  a  «  15° •  L-62-11 

Figure  12.-  Continued. 
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(f)  Pressure  data;  a  «  15°. 
Figure  12.-  Continued. 
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(g)  Schlleren  photograph;  a  >  l8°.  L-62-12 

Figure  12.-  Continued. 
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(h)  Pressure  data;  a  ■  l8°. 
Figure  12.-  Continued. 
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(i)  Schlleren  photograph;  a  ■  21®.  L-62-15 

Figure  12.-  Continued. 
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(j)  Pressure  data;  a  ■  21^. 
Figure  12.-  Continued. 
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(k)  Sehlleren  jdiotograph;  a  ■  24°.  L-62>l4 

Figure  12.-  Continued. 
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(l)  Pressxire  data;  a  >  2k°. 
Figure  12.-  Continued. 
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(m)  Schlleren  photogr«|di;  a  >  26*^.  L-62-1^ 

Figure  12.-  Continued. 
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(n)  Pressure  data;  a  »  26^. 
Figure  12.-  Concluded. 
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Figure  1^.-  Theoretical  approximations  of  pressures  on  the  0°  meridian 
of  configuration  I  at  a  ■  27°.  M  ■  8.5. 
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Figure  14. •  Theoretical  approxlmatlonB  of  preaaurea  on  the 
of  configuration  II  at  a  «  26^.  M  «  8.3. 
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